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We have built a hybrid system composed of a superconducting flux qubit (the processor) and an
ensemble of nitrogen-vacancy centers in diamond (the memory) that can be directly coupled to one
another and demonstrated how information can be transferred from the flux qubit to the memory,
stored and subsequently retrieved. We have established the coherence properties of the memory,
and succeeded in creating an entangled state between the processor and memory, demonstrating
how the entangled state’s coherence is preserved. Our results are a significant step towards using
an electron spin ensemble as a quantum memory for superconducting qubits.
PACS numbers: 74.50.+r, 03.67.Lx, 85.25.Dq
Today’s computers comprise a number of core compo-
nents which all seemingly work together. As these devices
are miniaturized, they are moving into the nanotechnol-
ogy regime, where the quantum principles of superpo-
sition and entanglement can be used to process, store
and transport information in radically new and power-
ful ways [1, 2]. Superconducting qubits have attracted a
significant degree of interest in this context due to their
ready fabrication, integratability, controllability and po-
tential scalability [3]. Quantum state manipulation and
quantum algorithms have been successfully demonstrated
on few qubit systems [4]. However for larger scale real-
izations the currently reported coherence times of these
macroscopic objects (superconducting qubits) [5, 6] has
not yet reached those of microscopic systems (electron
spins, nuclear spins . . . ) [7–9]. Hybridization between su-
perconducting circuits and electron spin ensembles [10–
19] has been studied extensively as an alternative route
to overcome this coherence limitation. Hybrid systems
can potentially take the best elements of each individual
system [20]; the easy manipulation and processing of in-
formation in the superconducting circuits and the long
storage times available in spin ensembles. This may al-
low the combined systems to have long enough coherence
times for future large-scale quantum computation. The
superconducting circuits can be used to process quantum
information while the spin ensemble is used to store it.
It is well known that the coupling strength of an indi-
vidual electron spin to superconducting circuits is usually
too small for the coherent exchange of quantum informa-
tion. However, the coupling strength of an ensemble of
N spins can be enhanced by a factor of
√
N [21]. In the
case of a superconducting resonator, 1012 electron spins
are needed to achieve strong coupling [13, 15]. Kubo et
al. [17] have also succeeded in transferring a superposi-
tion state prepared in a transmon type qubit to a spin
ensemble by way of the mm-size resonator. On the con-
trary, a superconducting flux qubit can couple directly
and more strongly to individual NV− centers and so only
107 spins are needed to achieve strong coupling [18, 19].
Furthermore the sample occupies only a surface area of
∼ 50 µm2. This is highly attractive as many memories
could be placed onto a single quantum based chip.
Our hybrid system (depicted in Fig. 1(a)) consists
of a diamond crystal incorporating dense NV− centers
bonded on top of a gap tunable superconducting flux
qubit [22, 23]. The ensemble was created by ion im-
plantation of 12C2+ at 700 keV into type Ib (001) dia-
mond with a nominal nitrogen concentration of 100 ppm
followed by annealing in vacuum. This gave an NV−
center concentration of 4.7 × 1017 cm−3 over approxi-
mately a 1 µm depth. The centers have an electron
spin (S=1), with a zero field splitting D = 2.88 GHz
between the |ms = 0〉 and |ms = ±1〉 levels at zero mag-
netic field. The spin Hamiltonian for a single NV− center
is given by HNV = hDS
2
z + hE(S
2
x − S2y) + hgeµBBNV
where Sx, Sy and Sz are the spin-one Pauli operators of
S; E is the strain induced splitting; h is Planck’s con-
stant; ge = 2 is the NV
− Lande´ factor; and µB = 14
MHz/mT is the Bohr’s magneton. In our experiment,
we apply a static in-plane magnetic field BNV to the
diamond along the [100] crystalline axis to lift the de-
generacy between | ± 1〉 levels by approximately 80 MHz
(Fig. 1(a),(d)). This reduces the strain E effect on the de-
coherence. With the external magnetic field we can now
store quantum states in a spin ensemble and evaluate
its coherence which we could not achieve previously [19].
The gap tunable flux qubit has a high nonlinearity and
works as an effective two level system [24] described by
Hqb =
h
2 [ε(Φqb)σz +∆(Φα)σx] where σz,x are the usual
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FIG. 1: The flux qubit - NV− spin ensemble hybrid system. (a) Photograph of the hybrid system from the top. A diamond
crystal is bonded on top of the flux qubit chip with its (001) surface facing the chip. An in-plane magnetic field BNV is applied
in the [100] crystallographic axis. (b) Schematic of the flux qubit. The qubit consists of the main loop (red, lower) and the
α-loop (blue, upper) and four Josephson junctions (red crosses) characterized by Josephson energies EJ, αEJ/2. A typical α
is about 0.9. Φε and Φα are the magnetic flux through the main loop and the α-loop, respectively. Two broadband lines on
the qubit chip control them. A dc-SQUID is attached to the qubit for readout of the qubit state (not shown) [19]. (c) Energy
levels of the qubit as a function of a qubit flux Φqb = Φε + Φα/2. The energy imbalance hε = 2IpΦ0(Φqb/Φ0 − 1.5) between
the two Ip states can be controlled by Φqb = Φε +Φα/2. The energy splitting at the optimal point h∆ can be controlled solely
by Φα as shown by red curves and blue dotted curves. This enables us to couple the qubit to the NV
− center at the optimal
point where the qubit has its longest coherence time. (d) Structure of an NV− center in the diamond lattice. The red sphere
is the vacancy while the green sphere is the nitrogen atom. Black spheres are the three nearest neighbor carbon atoms. The
NV axis can be along four equivalent 〈111〉 directions, making the same angle of 55◦ with BNV parallel to [100].
Pauli spin operators (Fig. 1(c)). The eigenstates of σz de-
scribe clockwise and counter-clockwise persistent current
Ip states in the qubit and h∆ represents the tunneling
between them. The direct magnetic coupling between
the qubit and the NV− spin ensemble is described by the
interaction Hamiltonian [18, 19]
Hint = h
∑
k
gk√
2
σ+ (|0〉k〈+1|k + |0〉k〈−1|k) +H.c. (1)
where the sum runs over all the NV− centers coupled to
the flux qubit; gk is the coupling strength of the qubit
to the k-th NV− center; |m〉k is the |ms = m〉 state of
the k-th center; σ+ = |1〉qb〈0|qb with |0〉qb and |1〉qb
being the ground and excited states of the qubit, respec-
tively. The collective coupling strength of the qubit to
the spin ensemble of the |ms = ±1〉 state can be rep-
resented by g±ens =
√
Σk|gk|2/2 ∼
√
N/2g¯, respectively.
Here g¯ ∼ 4.4 kHz is the nominal coupling strength be-
tween the qubit and an NV− center, which was estimated
from geometrical considerations [19].
We started our experiments with the characterization
of our NV− electron-spin ensemble under an in-plane
magnetic field BNV. The measurements were performed
in a dilution refrigerator at a mixing chamber tempera-
ture of 20 mK. The spectrum of the flux qubit under BNV
shows two energy anti-crossings when the qubit frequency
is resonant with the NV− transitions |0〉k ↔ |+ 1〉k and
|0〉k ↔ | − 1〉k (Fig. 2(b)). We measured a number of
spectra while changing BNV and the NV
− transition fre-
quencies as a function of BNV are well reproduced by the
spin Hamiltonian HNV (Fig. 2(a)). Then we tuned the
qubit gap frequency ∆ to f+ = 2.92 GHz to utilize the
spin ensemble of ms = +1 as a memory while applying a
BNV = 2.6 mT field (Fig. 2(c)). The coupling strength
of this transition g+ens = 8.9 MHz derived from the spec-
trum indicates that approximately 107 NV− centers are
collectively coupled to the flux qubit.
The first step to demonstrate the memory capabili-
ties of NV− centers is the storage of a single quantum
excitation in the spin ensemble. The pulse sequence,
depicted in the inset of Fig. 3(a), shows how to trans-
fer the qubits excited state |1〉qb|0〉ens to the memory
|0〉qb|1〉ens, store it there for a time τ and then retrieve
it. Here |0〉ens = |00 . . . 0〉 denotes the ground state of the
spin ensemble with |1〉ens = (1/g+ens)Σk gk√2S+,k|0〉ens be-
ing the first excited Dicke state of the spin ensemble with
a single excitation in it where S+,k = | + 1〉k〈0|k. Fig-
ure 3(a) shows the monotonic decay curve as the qubit is
far detuned from the spin ensemble [26]. This means the
information is successfully stored in the memory indepen-
dently of the qubit. The memory time of the excited state
is estimated to be 20.8±0.7 ns by fitting a simple expo-
nential to the data. We should note that this procedure is
usually used to measure an energy relaxation time T1,ens
of the collective mode of the spin ensemble. However the
measured decay time is too short compared to that pre-
viously reported [15]. This is because decoherence of the
spin ensemble during its storage time is dominated by
the inhomogeneous broadening probably due to a large
electron spin-half bath derived from nitrogen impurities
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FIG. 2: Energy spectrum of the flux qubit - NV− spin ensemble hybrid system. (a) Transition frequency of an NV− spin as
a function of an in-plane magnetic field BNV. Dots represent the transition frequencies derived from the energy spectra of the
flux qubit. Two curves are the results of the fitting to the Hamiltonian HNV (see the main text). The parameters derived from
the fitting are D = 2.878 GHz and E = 4 MHz. (b) Energy spectrum of the flux qubit coupled to the NV− spin ensemble under
BNV of 2.6 mT when the qubit splitting is tuned to ∆ = 2.84 GHz. Here Psw is proportional to the population of the qubit
excited state [25]. In the series of experiments, the qubit ground (excite) state leads Psw = 0 (0.45). (c) Energy spectrum of
the flux qubit coupled to the NV− spin ensemble when BNV = 2.6 mT and ∆ = 2.92 GHz. White curves represent transition
frequencies of the hybrid system. The qubit is on resonance with the NV− spin ensemble at point II where we can perform an
iSWAP operation based on a vacuum Rabi oscillation [19]. Changing Φqb away from 1.5 Φ0 increases the detuning between
them resulting in the qubit being well decoupled from the spin ensemble at point I, where we perform qubit preparation, qubit
detuning to store information in the memory and qubit readout.
(P1 centers) [17], which changes the quantum state |1〉ens
to |1θ〉ens = (1/g+ens)Σk gk√2S+,keiθk |00 . . . 0〉 where θk is a
phase shift associated with this broadening. The flux
qubit can collectively couple to |1〉ens but not to |1θ〉ens.
Hence the excitation cannot be transferred from the spin
ensemble back to the qubit after the second iSWAP oper-
ation and so from the viewpoint of the qubit, this looks
like relaxation from the memories excited state to an-
other subspace. Hence we denote this decay time as an
effective relaxation time T ∗1,ens of the spin ensemble. We
should note that a numerical simulation can reproduce
the data in Fig. 3(a) very well. From the simulation, we
obtained an inhomogeneous broadening of 4.4 MHz with
the Lorentz distribution and a hyperfine coupling to a ni-
trogen nuclear spin of 2.3 MHz, which reproduce our op-
tically detected magnetic resonance (ODMR) spectrum
of NV− centers at room temperature.
The next step is to store an arbitrary superposi-
tion state which we choose for convenience as (|0〉ens +
i|1〉ens)/
√
2. The inset of Fig. 3(b) depicts the pulse
sequence used for this experiment. The sequence cor-
responds to a Ramsey fringe experiment for the spin
ensemble and enables us to estimate the spin ensem-
ble’s dephasing time T ∗2,ens. A fitting of an exponen-
tial decaying sinusoidal to the data in Fig. 3(b) yields
T ∗2,ens = 33.6 ± 2.3 ns (similar to [27]). We can thus es-
timate a pure dephasing time T2,ens to be 175 ns from
the relation (T ∗2,ens)
−1 = (2T ∗1,ens)
−1 + (T2,ens)−1. The
physical origin of the pure dephasing is unclear but P1
centers far from our NV− centers layer and charge effects
on the diamond surface caused by the ion implantation
and subsequent treatment can be possibilities [28].
The storage of single qubits states is an excellent
start but we also need to be able to work with entan-
gled states. Hence we create a two qubit Bell state
and show our memory can maintain coherence within
this two-qubit state. For this experiment, we adopted
a pulse sequence shown in the inset of Fig. 3(c). The
first
√
iSWAP pulse creates an entangled state of the
form (i|0〉qb|1〉ens + |1〉qb|0〉ens)/
√
2 [29]. The flux qubit
is moved off-resonance for a time τ allowing one qubit of
the entangled state to be stored. A second
√
iSWAP (on
resonance) then transfers the phase information of the
entangled state to the qubits population, which is mea-
sured. Figure 3(c) shows the measurement outcome with
a large detuning δω during the storage so that the qubit
and the spin ensemble are well decoupled. The oscillation
reflects a phase evolution of the entangled state during
the storage and it can be qualitatively reproduced by
Psw = ζ
[
e−τ/T1,qb cos4 φ+ e−τ/T
∗
1,ens sin4 φ
− 2e−Λ sin2 φ cos2 φ cos (δωt) ] (2)
where Λ = τ2T1,qb +
τ
2T∗1,ens
+ ( τT∗2,qb
)2 + τT2,ens , ζ is a scal-
ing parameter and φ represents imperfection of
√
iSWAP
pulses [30]. From the previous memory experiments we
have established T ∗1,ens ∼ 20.8 ns, T2,ens ∼ 175 ns. In-
dependent measurements on the flux qubit (under the
same conditions) have also established T1,qb ∼ 395 ns
and T ∗2,qb = 19.7 ns [31]. This only leave ζ, δω, φ as a
free parameter which we fit in Fig. 3(c). Interestingly our
experimental results show longer oscillation than that de-
rived from eq. (2) with previously established coherence
times, which could be explained by collective noise [32]
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FIG. 3: Quantum memory operations. The inset in each figure shows the pulse sequence used in the operations, which is
applied to the qubit through the on-chip control line for Φε. I and II represent the operating points indicated in Fig. 2(b).
(a) Measurement results for the memory operation using a single quantum of energy. Red dots are the measured data with
a green curve showing a fitted exponential decay with a decay time of 20.8 ± 0.7 ns (95% confidence interval). The memory
operation begins by first preparing the qubit in the excited state |1〉qb using a microwave pi pulse (see the inset). An iSWAP
gate transfers this excitation to the spin ensemble |1〉ens and the qubit is then detuned. The iSWAP gate consists of a shift
pulse tuning the qubit on resonance with the spin ensemble and its length is half of the period of a vacuum Rabi oscillation
between them. The detuning between the qubit and the spin ensemble during its storage time τ is approximately 80 MHz.
Finally, the information (the excitation) is retrieved back from the spin ensemble to the qubit using a second iSWAP gate
followed by its measurement using a readout SQUID (the red dashed pulse indicates a current pulse applied to the SQUID
for the readout). (b) Measurement results for the memory operation using the superposition state (|0〉ens + i|1〉ens)/
√
2 with a
detuning of approximately 70 MHz. Red dots are the measured data with the fitted green curve showing a decayed sinusoidal
with a decay time of 33.6 ± 2.3 ns and a frequency of 70.4 ± 0.3 MHz (95% confidence interval). (c) Storing one qubit of an
entangled state in the spin ensemble quantum memory. Red dots are the measured data with the green curve showing a fitting
to Eq. (2). Fitting parameters are ζ = 0.34, δω = 87 MHz, φ = 0.85 radians.
and a decoherence free subspace [33].
The above experiments suggest that the memory times
of the NV− spin ensemble are limited by inhomogeneous
broadening probably due the P1 centers and the hyper-
fine coupling to the nitrogen nuclear spin. To further en-
hance the storage time, we need to reduce the density of
P1 centers [34], polarize the nuclear spins and at the same
time to increase the coupling between the flux qubit and a
single NV− spin to maintain the same collective coupling
strength. For instance increasing the persistent current
Ip by a factor of ten and decreasing the distance between
the qubit and the NV− spin to one-tenth (by fabricating
the qubit directly on the diamond) means several hun-
dred NV− spins should be enough to maintain the strong
coupling. Also adopting a (110) diamond crystal and ap-
plying an in-plane magnetic field in the [111] direction (as
shown by [17]) will further enhance the coherence of the
spin ensemble. Finally, by using a spin echo technique we
could cancel out the affect of the inhomogeneous broad-
ening and also decouple the nitrogen atoms nuclear spin
from our electron spin further enhancing the ensembles
coherence time and hence storage time [35, 36].
In summary, we have demonstrated quantum mem-
ory operations in a superconductor-diamond (flux qubit -
NV− spin ensemble) hybrid system. The quantum state
prepared in a superconducting flux qubit, has been di-
rectly transferred to, stored and retrieved from an NV−
spin ensemble in diamond. Furthermore we have stored
one qubit of an entangled state in the memory, retriev-
ing it later and shown the coherence is preserved. The
direct and strong coupling between the flux qubit and the
memory enables us to utilize a much smaller size ensem-
ble than in similar resonator based experiment, which
should in the future allow us to have inherently longer
coherence times. This is a significant step towards the
realization of a long-lived quantum memory for super-
conducting flux qubits.
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